the years, management practices have changed in response to financial constraints, changing political dispensations, changing ecological paradigms, increased levels of understanding arising from research, and perceptions based on a range of factors. My purpose is to document the role that research has played in informing these changes. I conclude by sketching the challenges facing ecosystem managers today.
Fire management in fynbos ecosystems
Early understanding of the role of fire, and fire policies prior to prescribed burning
Early botanists regarded fires as a destructive force in fynbos, and agitated for protection from fire. [3] [4] [5] [6] [7] There were also concerns about the possible detrimental effects of fire on water supplies. For example, the 1926 Drought Investigation Commission stated that veld burning was harmful, especially in important watershed areas, and they recommended that such areas should be protected from both grazing and fire. 8 Thus, for much of the period between the 1920s and 1968, official policy was to protect fynbos areas from fire. Under the Soil Conservation Act of 1946, fire protection committees were tasked with drawing up fire protection plans, establishing firebreaks and access paths, fighting veldfires, and exercising control over deliberate burning where it was agreed that such burning was absolutely necessary.
pointed out that safe fire frequencies would almost certainly apply to other fynbos plant species. 11 He later (1965) extended the notion of safe and unsafe fire periods to fire seasons as well. 12 A further study in 1966 demonstrated that all of the 448 species identified in the mountains near Stellenbosch survived fire, either by sprouting or by regeneration from seed. 13 However, the realisation that fire was not only harmless, but actually necessary, was brought home by the spectacular failure of fire protection policies to prevent the decline to apparent virtual extinction of two rare and charismatic plants (the marsh rose Orothamnus zeyheri and the blushing bride Serruria florida). Equally spectacular was their rapid recovery following unplanned fires, which stimulated soil-stored seed reserves to regenerate en masse. [14] [15] [16] These realisations, combined with observations that protection of fynbos from fire could lead to declines in streamflow, 17 led to the introduction in 1968 of a policy of prescribed burning. 8 
The introduction of prescribed burning
A memorandum accepting prescribed burning as a management practice in the Department of Forestry was issued in 1968, and the first prescribed burn under this policy was conducted in the same year to stimulate germination in a senescing population of Orothamnus zeyheri. 18 The introduction of prescribed burning in fynbos catchment areas had, as a primary objective, 'the maintenance of maximum permanent sustained flow of silt-free water '. 8 The change from fire protection to prescribed burning was based on the assumption that maintaining healthy fynbos by regular burning was the best way of protecting the soil, and thus ensuring a sustained yield of water from catchment areas. 19 On public land, the goal of nature conservation enjoyed equal status with the goals of water and soil conservation. 8 Policy documents at the time 20 indicated that prescribed burning had three ecological aims. The first was to 'rejuvenate the vegetation' by removing moribund plants, and stimulating seed release and germination. Although never stated in such terms, this goal clearly implied that if the vegetation was not actively burnt, fires would not occur frequently enough, and local extinctions would occur as populations of fire-dependent species reached senescence. The second goal was to reduce the number and extent of harmful wildfires. This was to be achieved through the creation of a mosaic of vegetation of different post-fire ages, thus breaking up large, continuous accumulations of dead, dry fuel. Again, an unstated assumption behind this goal was that large, harmful wildfires were the result of fuel accumulation, and were likely only to occur in large, continuous tracts of vegetation that had not been burnt for some time. The third purpose of prescribed burning was never actually stated as an aim. It involved the integration of fire management and operations aimed at the control of invasive alien trees and shrubs.
Research to support fire management
The South African Department of Forestry initiated a fynbos ecological research programme in the early 1970s, under the leadership of Fred Kruger. A second initiative, the Fynbos Biome Project, was established in 1977, under the guidance of Brian Huntley of the Council for Scientific and Industrial Research (CSIR), with the purpose of funding and coordinating research. 21 These two undertakings were responsible for a rapid expansion in the understanding of fynbos ecology, and the role of fire. New understanding was gained regarding the ecological effects of fire, 22, 23 of how fire protection led to senescence and poor regeneration after long fire-free intervals, 24, 25 and of how to define acceptable, as well as unacceptable, seasons for burning. [26] [27] [28] On the termination of the Fynbos Biome Project 29 in 1990, it was possible to provide fairly detailed prescriptions regarding the management of fynbos by means of prescribed burning. These included acceptable inter-fire periods, seasons, and weather conditions under which fires would achieve the desired ecological outcomes, and systems for their management.
30-32
The practical implementation of prescribed burning During the 1970s, managers of fynbos ecosystems made good progress with the implementation of prescribed burning. Conservation areas were divided into large 'compartments' and these were burnt on a planned frequency of 12-15 years. Compartment size ranged from 500-1000 ha, and sizes were determined by the availability of suitable firebreaks, and the area in which a burning operation could be completed in a single day. By 1981, approximately 40 burns were carried out in the fynbos biome per year. 33 However, a steady decline in prescribed burns followed policy directives that restricted burning to the late summer/early autumn period. This arose from research that suggested that burning in spring would have detrimental effects on the vegetation, 26, 28 thus eliminating the possibility of burning in September and October, the months with the safest weather for burning. 33, 34 This change in policy resulted in a decline by 1988 of 75% in the area burnt in prescribed burns. 33 There were other factors that constrained the application of prescribed burns in fynbos ecosystems in the late 1980s. Most important among these were declining funding, the need to incorporate the pre-fire treatment of invasive alien plants, and growing concerns about the safety of prescribed burning and legal liability in cases where prescribed burns escaped. In response, several new approaches were proposed, varying in the degree of interference in fire regimes from prescribed burning (where all fires were to be management fires) through to 'natural burning zones', where no prescribed burning was to be done, and natural (lightning-ignited) fires were allowed to burn. 35 In addition, an increasing focus on the conservation of biodiversity led to calls for variation in fire regimes. 18 The rationale behind this was that different species would be favoured by fires in different seasons, or at different intervals, or at particular intensities. It was also recognised that the effects of management on biodiversity would be difficult to monitor, but that variation on fire regimes could be more easily monitored, and could thus serve as a surrogate measure for ensuring the maintenance of biodiversity. 18 The approach also incorporated inevitable wildfires into planning and monitoring, 33 and was formalised in the development of a GIS-based system for the management and monitoring of fires in fynbos areas. 31 
Effects of prescribed burning on fynbos fire regimes
One of the aims of prescribed burning was to reduce the number and extent of wildfires, by reducing fuel loads and creating a mosaic of vegetation patches of varying post-fire age. Whether or not this goal had been achieved was first examined in the Cedarberg, by comparing fire records collected between 1956 and 1972 (when fire suppression was practised) with records from 1973-1986 (when prescribed burning was practised). 36 During the period following the introduction of prescribed burns, the number of wildfires decreased, but the mean size of wildfires doubled. In fact, three of the four largest fires on record (>10 000 ha) occurred during the prescribed burning era. It was also established that extensive fires were possible when the vegetation had reached a post-fire age of five years, and were thus not reliant on large, continuous areas of older vegetation. The study concluded that 'the effects of prescribed burning (on wildfire occurrence) are not yet evident', although it could have been stated otherwise to reflect the lack of any evidence that prescribed burning reduced wildfire occurrence.
A similar detailed analysis of a 70-year fire record was recently completed for the Swartberg Mountains. 37 In this area, a succession of fire management policies focused on grazing, then fire control, and then biodiversity conservation. It was found that the extent of burning followed climatic cycles, that fires occurred more extensively during periods of high temperatures and summer rainfall, and were 'largely unaffected by the absence or presence of fire control measures'. 37 The latest comprehensive analysis of fire records from 10 large nature reserves in the Western Cape over the past 40-50 years 38, 39 showed that modern fynbos fire regimes are in fact dominated by wildfires, which account for more than 80% of the total area burnt, and that prescribed burning has played a relatively small role in contributing to these modern fire regimes. In addition, fynbos fire regimes are currently dominated by a few large wildfires. For example, of the 150 fires on record in the Cedarberg between 1945 and 2006, the 10 largest were responsible for 66% of the total area burnt. 38 Finally, some concern has been expressed that, in some areas, fires are becoming more frequent. For example, the area subjected to short (less than six years) intervals between fires covered >16% of the Table Mountain National Park in the last two decades, compared to about 4% in the previous two decades. 39 The above findings prompt the following conclusions: (1) The assumption that prescribed burning would be necessary to prevent vegetation senescence and loss of species is not supported by evidence. Prescribed burning plays a minor role in modern fire regimes, and wildfires alone should provide sufficient opportunities for ' rejuvenation'. (2) The assumption that prescribed burning would reduce and fragment fuel loads, leading to a reduction in the number and extent of wildfires, is also not supported by evidence. Reductions in fuel do not consistently prevent the spread of wildfires, which can burn through five-year post-fire vegetation provided that hot, dry, and windy conditions prevail. ( 3) It appears that fire return periods are decreasing in some areas (possibly as a result of increasing human population densities and access), leading to increased opportunities for ignitions. 39 This suggests that fynbos fires are not fuel limited (except when the vegetation is very young), but rather triggered by the co-occurrence of weather conducive to wildfires and a source of ignition. (4) Increases in fire frequency could arise as a result of increased human populations leading to a higher number of ignition opportunities. This would be exacerbated if changes in climate lead to hotter and drier weather, leading to more fires and further reductions in fire return periods. Such trends would be difficult to reverse, and therefore represent a significant threat to fynbos ecosystems.
Current ecological understanding of the role of fire in fynbos Current understanding of the role of fire in fynbos is relatively robust. Most plant species are resilient to a wide range of fire return intervals. For example, a study of 210 co-occurring fynbos species showed that most were able to resprout after fire, and 200 out of the 210 species could survive fire return intervals of between 10 years and 40 years. 40 Only 29 species were classified as obligate seeders: species that have their growth cycle terminated prematurely by fire, and are unable to sprout. Large, serotinous shrubs with relatively long juvenile periods are an important component among obligate seeders in fynbos communities. These species, typically in the family Proteaceae, are killed by fire and rely on canopy-stored seed for regeneration. 26 While only a small proportion of the total number of species fall into this category, 40 they can be the dominant component of the vegetation. Short intervals (less than the juvenile periods of obligate re-seeding plants) between fires can eliminate these species from the vegetation, and cause dramatic structural changes. 25 As a result, they are usually the species that are used to determine acceptable fire return intervals. 30 For example, one rule proposed a minimum interval between fires that would allow at least 50% of individuals in a population of the slowestmaturing of the obligate reseeding species to have flowered and set seed for at least three successive seasons. 41 Application of this rule normally suggests a minimum period of 10 years to 12 years between fires.
At the other end of the scale, excessively long fire-free periods (greater than the longevity of obligate seeding species-about 30 years or so) can lead to senescence and elimination of these species from the vegetation. When prescribed burning was introduced in 1970, one of the reasons given for its introduction was the removal of what was seen as the threat of over-protection that would lead to senescence.
Fire season is also an important determinant of recruitment. Serotinous shrubs (notably the genera Protea and Leucadendron) are sensitive to fire season, and the highest number of seedlings per parent plant occur after fires in summer and early autumn. 26, 28 In 1985 this led to recommendations to restrict management fires to this time of the year. 30 While these restrictions applied to the western and inland zones, it was recognised that fire season was less critical in the eastern coastal zone. 42 Recent work 43 in the eastern coastal areas of the fynbos biome in 2007 has shown that the most favourable recruitment periods for proteoids were late summer to autumn (February-March) and late winter to early summer (August-October), both of which coincided with the bimodal rainfall peaks in the eastern fynbos biome. Flowering shifts from winter to summer along a west-east gradient, with flowering concentrated in winter west of about 22°E. The strict adherence to the seasonal constraints that apply in the western half of the biome may not be required in the eastern half, and this will increase the number of available, suitable days to conduct safe prescribed burning, especially east of 24°E.
There is also evidence that variation in fire regimes is necessary to maintain plant diversity in the landscape. 44, 45 Variation in the intervals between fires, in fire season, or fire intensity will induce variation in the density of proteaceous overstorey shrubs; and this variation is in turn associated with the maintenance of diversity in understorey species. 44, 45 Pre-fire stand densities may also affect the density of post-fire recruitment, 46 resulting in alternating densities and species diversity on the same site between different fires. Recurrent fires will therefore buffer plant populations from extinction, 44 by ensuring stable coexistence over time, despite localised extirpation by individual fires. However, it is well known that repeated frequent burning can eliminate important overstorey shrubs in fynbos. 25, 47 Should large areas be subjected to repeated frequent burning, recolonisation would depend on a species' ability to disperse seeds from adjacent areas, sometimes over long distances. 48, 49 While this may be possible for some of the wind-dispersed Proteaceae, a large number of fynbos plant species that rely on soil-stored and ant-dispersed seeds 50 may not be able to effectively recolonise large areas from which they have been extirpated. It has also been shown that increased fire frequency favoured sprouting species in the Swartberg, and that increases in sprouters led to overall decreases in plant diversity. 51 While variation in fire regimes may be acceptable, and even necessary, there are probably limits beyond which elements of the vegetation may well suffer. Repeated, widespread, short-interval fires will almost certainly be undesirable from a conservation point of view.
Invasive alien plant management in fynbos ecosystems

Invasive alien plants in fynbos ecosystems
There are over 150 species of alien plants that are invasive in the fynbos biome. 52 However, many of these are not (currently) of major ecological significance, and only 30 species (17 trees, 8 shrubs, 3 grasses, 1 succulent and 1 annual) occupy at least 10% of the biome. 53 Of these the most important groups of species include the pines (Pinus species), wattles (Acacia and Paraserianthes species), hakeas (Hakea species), and gums (Eucalyptus, notably Eucalyptus camaldulensis). All of these are trees or large shrubs, and two groups are of particular interest because of their wide distribution in the biome.
The first are the pines and hakeas. These serotinous trees and shrubs produce copious amounts of seeds held in cones or follicles, which are released on the death of the parent plants in fires. The seeds are winged, and can spread over great distances after fires. Pines and hakeas are therefore widespread, occurring across the biome. They can, and do, form dense and impenetrable stands (Fig. 2) . The second group is the wattles. These species typically produce copious amounts of seeds, but these are released on ripening. The seeds are hard-coated and accumulate in the soil. The seeds are spread along rivers, by moving soil around, or by birds. Soil-stored seed banks are stimulated to germinate in dense stands by fire. Gums are a special case, in that the one species that appears to be aggressively invasive (the red river gum Eucalyptus camaldulensis) is restricted to river courses in lower-lying areas.
A range of methods are available to control invasive alien plants, including mechanical, chemical and biological control. While the first two methods can be used to contain infestations, neither provides a permanent or sustainable solution to the problem. 54, 55 Biological control options provide more sustainable solutions, but are only available for some of the invasive alien plant species in the fynbos. 56 Hakeas and several wattles have a suite of seed-feeding and gall-forming insects which can reduce seed loads. A promising project, seeking seed-destroying insects for pines, 57 was terminated because of fears that the proposed insect would assist the infection of commercially-important pine trees by pitch canker. 58 
Research into the impacts and control of invasive alien plants in fynbos
Concerns about the impacts of invasive alien plants in South Africa are not new. Early botanists, including Peter MacOwan (in 1888) and Rudolf Marloth (in 1908), raised concerns that alien plants would replace natural vegetation. 59 In a landmark publication in 1945, Wicht stated 10 that 'one of the greatest, if not the greatest, threats to which the Cape vegetation is exposed, is suppression through the spread of vigorous exotic plant species'.
In 1982, the General Assembly of the Scientific Committee on problems of the Environment (SCOPE) identified the invasive spread of plants, animals and microorganisms, introduced by humans into areas remote from their centres of origin, as a problem of global concern. A large international project was initiated, with the purpose of reviewing and improving understanding of biological invasions and their implications. The South African component of this work led in 1986 to a synthesis volume, 60 in which the current understanding was set out. Work continued under the auspices of the South African Forest Research Institute (SAFRI) (for fynbos invasive weeds), the Percy Fitzpatrick Institute of African Ornithology (for overall synthesis under the ongoing SCOPE programme), and the Plant Protection Research Institute (for biological control), and a good deal of useful work was done. For example, research initiated by SAFRI examined the underlying reasons for differences in the invasive potential of closely-related plant species. 61, 62 This work ultimately led to the development of the first robust model of invasive potential in a large group of plants. 63 Most of the research conducted under the auspices of the SCOPE programme attracted no more than academic interest. It was not until researchers were able to demonstrate that invasions would have significant economic impacts on water resources that the issue went beyond academic debate and into the realms of action. Even then, it took a radical change of government to initiate the implementation of invasive plant clearing programmes. The idea that invasive alien trees could have negative impacts on streamflow (in much the same way as commercial forestry did) was first raised in 1977 by Kruger. 64 It was raised again during the SCOPE synthesis, 65 and at the conclusion of the Fynbos Biome project. 30, 66 This led to small funding grants for more research to quantify the impacts more clearly.
The first such attempt to estimate the impacts of invasive alien trees on water resources came about in 1996, when a spatially explicit model was developed. 67 The model simulated five important processes: the occurrence of fire; the spread and establishment of alien plants after fire; rainfall to runoff ratios; growth and changes in biomass between fires; and effects of these changes on streamflow. The estimations of streamflow reductions due to invasive alien plant infestations make use of an 'age-biomass-streamflow reduction model'. This model allows biomass to be estimated separately for tall trees, medium trees and tall shrubs. Streamflow reduction is driven by this estimated biomass and distinguishes between riparian and non-riparian streamflow reduction conditions. The simulations predicted that the cover of alien plants would increase from an initial estimate of 2.4% to 62.4% over 100 years, decreasing streamflow from the catchment by 347 m 3 per hectare (equivalent to 30% of the annual water supply to the city of Cape Town). Based on this work, the costs of 'generating' water from catchments where alien plants were either controlled, or not, were estimated. 68 Despite higher costs overall, when alien plant management projects were implemented, the costs per unit of water 'produced' would be lower when such projects were in place. Another study 69 suggested that investing in the management of alien species in the catchments of existing dams would be more cost effective than constructing new dams, while simultaneously allowing the catchments of existing dams to become invaded. It also showed that an early investment in alien plant control programmes would pay off, rather than leaving them for control at a later date.
Subsequently, several other papers have estimated the economic consequences of alien plant invasions in fynbos ecosystems and elsewhere. All of these papers [70] [71] [72] [73] provide estimates showing that clearing invasive alien plants makes economic sense (in that they deliver positive cost-benefit ratios). These findings rely heavily on the age-biomass models described above, and all do not account for the total economic value which would consider the full suite of economic costs and benefits. 74 Perhaps the biggest threat to water yields comes from the combined effects of unplanned wildfires and alien plants.
Unplanned fires in fynbos result in additional costs in invaded areas, in one of a number of forms, depending on the action taken. First, invasive alien plant seedlings germinate after fires, and usually increase the density and extent of infestation. It is necessary to control these flushes of seedlings to prevent them becoming dominant over the next few years. Extensive unplanned fires will precipitate the need for additional effort in the form of 'follow-up' operations. CapeNature estimated in 2006 that these additional costs would amount to R17.5 million 75 following fires on 40 000 ha. Alternatively, if funds or capacity do not allow for immediate follow-up, the costs of control rise as the plants grow. If the infestations were to be left for 10 years, control costs would rise almost four-fold to an estimated R65 million on the same 40 000 ha. 75 On average therefore, if control operations were carried out within five years of an unplanned fire, additional costs could amount to around R1 000 per ha. Finally, if the problem is not dealt with (because of a lack of capacity or funds), then the environmental impacts (for example, water losses) would represent a cost attributable to wildfires. The 4.3 million hectares of extant fynbos is subjected to a mean fire return period of 15 years, so about 286 000 ha burns every year. About 33% of the three major catchments in the Western Cape are invaded to some degree, 76 thus approximately 95 000 ha of invaded fynbos will burn per year. This means that the additional costs to control these infestations (and prevent even worse environmental losses) would be around R100 million annually.
The quest for finding biological control solutions for invasive alien plants in the fynbos biome has also led to some innovative research and significant advances in understanding. Research started in the biome with a search for seed-feeding insects in the 1960s. It expanded over the next two decades to include releases on the invasive alien genera Ageratina, Hypericum, Acacia (eight species), Paraserianthes, Leptospermum, Sesbania, and Hakea (two species). Many of these projects were innovative; for example they made use of gall-forming and seed-feeding insects that had not been used elsewhere; the emphasis on weeds in conservation areas (as opposed to weeds in agricultural crops); and the predominance of woody invaders that have been targeted for biological control. 56 Many of these releases have resulted in the target invasive species being brought under substantial or complete control. 56 
Management responses
Attempts to control invasive alien plants began in the fynbos biome as early as the 1930s. Control efforts in the second half of the 20th century were done mostly for reasons of conserving natural vegetation, and not for any hydrological or agricultural benefits that might have accrued. The initial attempts at the control of invasive plants were at best uncoordinated and erratic, and did little to stem their spread. Although few campaigns were adequately documented, the existing evidence shows that poor understanding of the ecology of invasive species, as well as a lack of follow-through when clearing was done, led to much wasted effort and money. For example, 47 years of control attempts on the southern Cape Peninsula, were 'almost totally ineffective for the first 35 years'. 77 The early, erratic control efforts were replaced later by coordinated control programmes 78 in the 1970s and 1980s. At the same time, considerable efforts were put into research (described above) in order to develop sound, scientifically-based control options.
The momentum of this work was lost in the late 1980s, due to many factors. The seasonal restrictions on burning meant that many prescribed fires, necessary for the control of seedlings after felling operations, could not be carried out. The government also split the functions of its forestry department, with plantation management becoming privatised, conservation management being devolved to unprepared and inexperienced provincial authorities, and the research arm being transferred to the CSIR. The net result of these changes was fragmentation, and loss of capacity and experience. The government of the day cut funding, resulting in further loss of capacity. The net result was that invasive alien plant control programmes fell behind, and cleared areas were under threat of re-invasion.
The development of economic arguments, based on the predicted impacts of alien trees on water resources in the fynbos biome, coincided with the formulation of South Africa's first democratically-elected government. This government created the Working for Water programme, an initiative that sought to reduce the impacts of invasive alien plants on water supplies through the employment of poor people in rural areas (Fig. 3) . The events that led to the formation of this programme are documented elsewhere, 79 but in essence this intervention was only possible because a particular set of factors coincided to create a unique opportunity. These included leveraging political support, emphasising emergent benefits (employment), taking a novel approach by linking several benefits into an attractive 'package', putting together a dedicated team, publicising early successes, and avoiding bureaucracy. 77 The programme has attracted funding and gained local and international acclaim, but it relies heavily on political support and remains vulnerable for this reason. Political support for this programme stems almost entirely from its employment creation, upliftment and empowerment benefits. The economic benefits of invasive alien plant clearing projects (as opposed to employment benefits) are often viewed with some scepticism by decision makers, for a number of reasons.
The benefits of alien plant control, especially those in natural (rather than agricultural) environments are 'public good' benefits. In such cases, the individual marginal benefit (the amount of benefit gained by any one person) is small. Where individual marginal benefits are small, people tend not to take them seriously, despite the total benefit being large.
The projected benefits of alien plant control come about from avoiding future impacts rather than removing current impacts (for example, by preventing further spread of a weed that has not yet reached its full potential). People find it difficult to appreciate (or gain political benefit or advantage from) the avoidance of future impacts that are not yet manifesting themselves.
The predicted benefits of clearing invasive alien plants on water yields are based on plantation forestry, and there have been no rigorous attempts to quantify the actual gains from land cleared of invasive alien plants, rather than of clearfelling plantations. This is a serious weakness, and it makes the programme vulnerable in terms of its ability to compete for funding against other projects which may be supported by more tangible evidence of benefits.
The fact remains, however, that invasion by alien plants (especially woody species) poses arguably the greatest threat to the conservation of fynbos ecosystems and the services that they provide to humanity. The problem is exacerbated by the fact that fynbos is fire prone and that fires are inevitable. Fire-adapted invasive species thrive in such environments, so bringing them under control is the biggest challenge for managers of these ecosystems.
Prognosis for invasive alien plant control
Whether or not control attempts are having real impacts on the status of alien plant invasions is an important question. The Working for Water programme was initially proposed as a 20-year activity, 80 but clearing major infestations within that timeframe will not be possible. At current rates of clearing, infestations of several important species would be cleared only within 30-85 years. 54 This estimate is based on a number of assumptions, each of which reduces the estimate of time needed to clear existing infestations; the estimates are therefore probably serious underestimates. These assumptions include: (1) that infestations are static, and will not spread further while clearing operations are under way; (2) that clearing a site will eradicate the invasive alien species; (3) that areas require only one followup treatment; (4) that funding levels will remain at the levels sustained over the past few years; and (5) that we know how big the problem is. More realistic indications are that, at current rates of management, the problem will not be contained; at best, only some species will be controlled, and some areas will be kept clear of invasive species. This is a sobering prognosis, and it highlights the need to find sustainable solutions if significant impacts are to be avoided, and management efforts optimised.
The above also underscores the importance of biological control, which is seen by its proponents 57 as a particularly attractive option because it is cost-effective and safe compared to the expense and risks associated with herbicides; it can be successfully integrated with other management practices; and, most compelling of all, it is self-sustaining. There are counter-arguments to the use of biological control. 81, 82 Those who hold these views believe that the outcomes of an introduction cannot be predicted precisely enough a priori to know that the benefits will outweigh the environmental costs. Examples of unintended consequences include impacts on non-target species, and the disruption of food webs. The evidence suggests that these concerns are often groundless, but they are nevertheless responsible for serious barriers to biological control. 83 A resolution to this debate remains an important challenge.
Integrating prescribed burning and alien weed control operations is also important. Fire regimes are difficult to manage, and wildfires are inevitable. There is therefore an urgent need to become more flexible with regard to follow-up operations after fires, to avoid either significantly increased control costs, or alternatively to suffer increased impacts. The degree to which managers are able to overcome resistance to biological control, and to gain a degree of control over fire regimes, may ultimately determine the fate of the unique fynbos vegetation.
Managing fire regimes: future challenges
Fire regimes are defined as the typical combination of frequency, season, intensity and type of fires that characterise a region. 84 Each individual fire event contributes to the regime, but ecosystem managers tend to focus on fires as events, and their responses are typically event-driven. So, for example, many management decisions are around suppression and containment responses to an unplanned fire, or predicting weather suitable for a prescribed burn. The response of ecosystems, on the other hand, depends not only on the effects of a single fire, but also on the legacies inherited from previous fires. 85 In other words, ecosystems respond to fire regimes where managers often respond to fire events. Moving beyond the management of fires as isolated events, and towards the concept of managing fire regimes, will require a far better understanding of whether and how fire regimes can be managed. Fire regimes are more difficult to study than fire events, as there is a need to evaluate responses in relation to fire history. This concept has been described by the terms 'visible mosaic' (to describe the footprint left by the last fire), and 'invisible mosaic' (to describe the patterns of all other past fires). 86 With the advent of modern geographic information system analysis capabilities, invisible mosaics can be made visible to a certain extent, provided that good spatial fire records are kept. It is now theoretically possible to determine the range of variability encompassed by modern fire regimes, and therefore to examine the responses of species in terms of this variation. One of the major changes needed in terms of setting ecosystem and conservation goals will be to assess responses to fire regimes at a landscape scale, which will implicitly involve the consideration of a set of fire regimes. 84 Plant populations may fluctuate considerably over time, with local extinctions and recolonisations taking place within a much larger landscape. 45 Managers need to be able to distinguish between acceptable and unacceptable limits to landscape-scale variations in elements of the fire regime, and whether and how they can influence them where deemed necessary.
At the close of the Fynbos Biome Project in 1992, reviews of the fire management of fynbos ecosystems 30, 87 concluded that prescribed burns, combined with wildfires, firebreak burns in spring, and occasional longer periods between fires would provide sufficient stochasticity to ensure the survival of coexisting species. The same reviews also concluded that dealing with invasive alien plants presented a greater challenge than fires for managers of fynbos ecosystems. The reviews proposed four scenarios relating to the future of fynbos ecosystem management, based on different levels of funding (unchanged, increased, decreased and curtailed). They predicted that funding would probably decline, and that invasion would therefore continue largely unchecked. This was especially so in the case of pines, for which no biological control agents were available. In reality, the creation of the Working for Water programme 80 has significantly increased the funding available for invasive alien plant control. However, in the first decade of operations, the programme cleared only 4.5% of the estimated area invaded by pines, 55 a rate that will not prevent the spread and eventual domination of pines. The termination of research into the biological control of pines 58 means that the prospect of bringing pine invasions under control has been further reduced. Solving the problem of controlling fire-adapted invasive alien pines in the fynbos remains the largest challenge to managers concerned with the conservation of fynbos ecosystems. Failure to address this problem adequately will almost certainly result in the severe degradation of remaining fynbos ecosystems. This paper is dedicated to Fred Kruger, pioneer fynbos fire ecologist and exceptional mentor.
